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Edited by Thomas So¨llnerAbstract Chloroplasts still retain components of the bacterial
cell division machinery and research over the past decade has
led to an understanding of how these stromal division proteins
assemble and function as a complex chloroplast division machin-
ery. However, during evolution plant chloroplasts have acquired
a number of cytosolic division proteins, indicating that unlike the
cyanobacterial ancestors of plastids, chloroplast division in high-
er plants require a second division machinery located on the chlo-
roplast outer envelope membrane. Here we review the current
understanding of the stromal and cytosolic plastid division
machineries and speculate how two protein machineries coordi-
nate their activities across a double-membraned structure.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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membrane; Coordination1. Introduction
Chloroplasts are vital double-membraned eukaryotic organ-
elles of endosymbiotic origin important as energy providers
and for harbouring essential metabolic pathways [1]. Chloro-
plasts do not arise de novo but replicate by binary ﬁssion from
pre-existing proplastids in the cytosol. Meristematic cells con-
tain between 10 and 20 proplastids [2,3] and these proplastids
diﬀerentiate according to cell type [4]. For example as leaf cells
mature proplastids diﬀerentiate into chloroplasts and undergo
repeated rounds of division to produce the ﬁnal complement of
100 chloroplast in mature Arabidopsis mesophyll cells [5,6].
Because of their prokaryotic origin [7,8], the bacterial cell
division machinery has proven to be an invaluable paradigm
for the study of the mechanism of chloroplast division. During
evolution numerous plastid genes have been lost or transferred
to the nuclear genome and it is estimated that 18% of nuclear
encoded proteins in Arabidopsis were acquired from the ances-
tor of plastids [9]. As a result of this process the present day
plastid genomes of higher plants harbour only 130 protein-
encoding genes [10] and correct plastid development and func-
tion are dependent on the import of nuclear encoded proteins
[11]. Chloroplast division is no exception to this and to date all
chloroplast division components are nuclear encoded. The ﬁrst
molecular components of the plastid division machinery to be*Corresponding author. Fax: +47 51831750.
E-mail address: simon.g.moller@uis.no (S.G. Møller).
0014-5793/$32.00  2007 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2007.02.062identiﬁed were nuclear encoded homologues of the prokaryotic
division component FtsZ [12,13]. Subsequent searches for
homologues of bacterial cell division proteins in the nuclear
genomes of higher plants led to the identiﬁcation of AtMinE1
and AtMinD1 [14–18], homologues of the Escherichia coli cell
division proteins MinE and MinD [19], as well as GC1 (AtSu-
lA) [20,21], a possible homologue of the cyanobacterial divi-
sion protein SulA.
The plastid division protein ARC6 is also a homologue of a
cyanobacterial protein, Ftn2 (ZipN) [22,23]. ARC6 was identi-
ﬁed from the Arabidopsis arc (accumulation and replication of
chloroplasts) mutant collection, which harbours at least 12 dif-
ferent mutants with altered numbers of chloroplasts in meso-
phyll cells [24]. The further identiﬁcation of ARC loci has
proven invaluable in advancing our understanding of the chlo-
roplast division process. For example ARC3 harbours an N-
terminal FtsZ-like domain that was not identiﬁed through
homology searches [25]. Similarly, the dynamin-like protein
ARC5 has no homologous component in the bacterial cell divi-
sion machinery [26]. The subsequent identiﬁcation of novel
partners of ARC5, PDV1 (plastid division protein) and
PDV2 [27] reveals that the plastid division process also re-
quires the assembly of a cytosolic machinery.
The existence of a cytosolic plastid division machinery
was ﬁrst envizaged in response to the visualization of elec-
tron-dense ring-like structure on the cytosolic face of the
chloroplast envelope in Cyanidium caldarium, termed the outer
plastid division (PD) ring [28]. Subsequent studies have also
identiﬁed an inner PD ring [29] and both the outer and inner
PD rings are believed to be universal features of the plastid
division machinery. Despite their visualization in the 1980s
the components of these ring-like structures remain unknown.
However, the identiﬁcation of the current complement of stro-
mal and cytosolic plastid division proteins now enables us to
begin to appreciate how the process of plastid division is
dependent on two machineries, one analogous to the bacterial
cell division machinery located on the stromal face of the chlo-
roplast inner membrane and one unique to plants, located on
the cytosolic face of the outer membrane. Here we review the
current understanding of the two plastid division machineries
and speculate on possible means of coordination (see Table 1).2. The stromal plastid division machinery
Chloroplasts divide by binary ﬁssion whereby a septum
forms at the mid-point of the chloroplast and progres-
sively tightens to eventually separate the two new daughterblished by Elsevier B.V. All rights reserved.
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J. Maple, S.G. Møller / FEBS Letters 581 (2007) 2162–2167 2163organelles. The ﬁrst components of the stromal division
machinery known to localize to the septum are the FtsZ pro-
teins. Higher plants and algae encode two FtsZ families,
termed FtsZ1 and FtsZ2 [13,30,31]. In Arabidopsis both
AtFtsZ1-1 and AtFstZ2-1 assemble into rings (Z-ring) in
unconstricted chloroplasts in close proximity to the inner chlo-
roplast envelope membrane. FtsZ is an ancestor of tubulin and
like tubulin FtsZ can polymerize in vitro into straight protoﬁl-
aments, sheets of straight protoﬁlaments, mini rings and tubu-
lar polymers, providing insight into potential in vivo Z-ring
structure [32]. However the precise composition of the ring
in bacteria unknown and the situation is further complicated
in plants by the ability of AtFtsZ1-1 and AtFtsZ2-1 to form
both homodimers and heterodimers [33].
The functional signiﬁcance of having two families of FtsZ
protein involved in plastid division is unclear. However, re-
duced levels of either AtFtsZ1-1 or AtFtsZ2-1 leads to com-
plete inhibition of chloroplast division, resulting in
mesophyll cells with only one giant chloroplast demonstrating
that the Arabidopsis FtsZ proteins play unique, non-redundant
roles in the division process [13]. The conservation between the
FtsZ proteins of bacteria and plants is high [12] and both
AtFtsZ1-1 and AtFtsZ2-1 harbour the Rossmann fold, a motif
essential for GTP hydrolysis [34–36]. One highly conserved res-
idue predicted to contact the guanine nucleotide is substituted
in AtFtsZ1-1 but not in AtFtsZ2-1 [30] and since the nucleo-
tide-binding surface forming the interaction site lies between
subunits in a protoﬁlament, AtFtsZ1-1 and AtFtsZ2-1 may
have evolved to create diﬀerent enzymatic properties within
the Z-ring depending on how the monomers assemble. Until
the AtFtsZ enzymatic activity is investigated the possible func-
tional signiﬁcance of this divergence is unclear.
It has been hypothesized that the duplication and divergence
of FtsZ might have been required to allow a larger comple-
ment of proteins to be recruited to the Z-ring to assemble into
the stromal division machinery. As with tubulin the C-terminal
tails of FtsZ proteins are not essential for polymerization, are
highly variable and are predicted to lie on the surface of the
FtsZ ﬁlaments [33,37]. Interestingly, FtsZ proteins from highly
divergent bacteria can function in E. coli if their C-terminal
tails are replaced with that of the endogenous FtsZ protein
[38]. AtFtsZ2-1 but not AtFtsZ1-1 harbours a highly con-
served CORE domain found in all bacterial FtsZ proteins
[30,39] and when overexpressed in E. coli only AtFtsZ2-1 mim-
ics the eﬀects of endogenous FtsZ overexpression, inhibiting
cell division and resulting in long ﬁlaments [40]. In E. coli this
domain is required to recruit the essential cell division proteins
FtsA and ZipA to the Z-ring [37,41], and although no homo-
logues of these proteins have been found in higher plants or al-
gae ARC6 is recruited to the Z-ring in Arabidopsis through a
speciﬁc interaction with the AtFtsZ2-1 CORE domain [33].
Furthermore ARC3 has been demonstrated to be a stromal
Z-ring accessory protein and is recruited through an interac-
tion with AtFtsZ1-1 [42], strongly suggesting that C-terminal
tail divergence within AtFtsZ1-1 and AtFtsZ2-1 was essential
to mediate the recruitment of speciﬁc Z-ring accessory proteins
to the septum during plastid division.
ARC6 and its cyanobacterial homologue Ftn2 are both re-
cruited to the Z-ring during the plastid division or cell division
process, respectively [33,43]. The CORE domain is a surface ex-
posed hydrophilic domain at the extreme C-terminal tail with
the conserved sequence (D/E-I/V-P-X-F/Y-L) [39]. In plants
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form shorter ﬁlaments and conversely when ARC6 is overex-
pressed the FtsZ proteins form longer ﬁlaments and spirals
[23]. This suggests that ARC6 may enhance FtsZ association
with the membrane or stabilize the interaction between proto-
ﬁlaments [23]. ARC6 has a membrane anchor, tethering the
protein to the chloroplast envelope and protein–protein inter-
action analysis has revealed that the stromal domain of
ARC6 is required for the interaction with AtFtsZ2-1 [33].
ARC6 forms a discontinuous ring-like structure leading to a
model whereby ARC6 tethers AtFtsZ2-1 to the membrane at
intervals and that AtFtsZ1-1 is recruited to the Z-ring through
interaction with AtFtsZ2-1. This hypothesis is supported by the
ﬁndings that AtFtsZ2-1 is more strongly associated with the in-
ner envelope than AtFtsZ1-1 and that in vitro polymerization
of AtFtsZ1-1 is promoted by AtFtsZ2-1 [40].
ARC6 also harbours an N-terminal J domain [33]. J-do-
mains mediate the interaction with speciﬁc HSP70 chaperone
partners to stimulate the ATPase activity of HSP70 proteins
[44]. In bacterial cell division HscA, a member of the Hsp70
family, is required for Z-ring formation through a chaper-
one-like interaction with FtsZ [45] and the functional relevance
of the J-domain in plastid division will shed light on the func-
tion of ARC6. Additionally, AtCDT1, a cyclin-dependent ki-
nase that forms part of the prereplication complex [46], is
recruited to the stromal division machinery through an interac-
tion with ARC6. AtCDT1 localizes to chloroplasts and the nu-
cleus and downregulation results in plants with sever
developmental and plastid division defects, suggesting that
rather than being a true component of the division machinery
AtCDT1 may be involved in the coordination of plastid divi-
sion and cell division [46].
Recent studies identiﬁed a second Z-ring accessory protein,
ARC3. ARC3 is composed of a N-terminal FtsZ-like domain
and a C-terminal domain containing membrane occupation
and recognition nexus (MORN) repeats, linked by a unique
middle domain [25]. The FtsZ-like domain of ARC3 lacks pre-
dicted catalytic and GTP binding residues and the FtsZ-like do-
main may simply have evolved to mediate the interaction of
ARC3 with AtFtsZ1-1. The ARC3 FtsZ-domain interacts spe-
ciﬁcally with the C-terminal domain of AtFtsZ1-1 [42] support-
ing the hypothesis that AtFtsZ1-1 diverged to increase the
number of accessory proteins recruited to the Z-ring. In addi-
tion to interacting with the Z-ring ARC3 also interacts with
the Arabidopsis Min proteins, AtMinE1 and AtMinD1 [42].
Z-ring placement is inﬂuenced by theMin proteins ofArabidop-
sis and the observation that decreased ARC3 levels leads tomis-
placement of the chloroplast division site suggests that ARC3
plays a role in mediating correct Z-ring placement in concert
with AtMinE1 and AtMinD1. It is possible that ARC3 can in-
hibit FtsZ polymerization through interaction with AtFtsZ1-1,
thereby preventing Z-ring formation at unwanted division sites.
Genetic evidence suggests that one further stromal plastid
division protein, GC1 [20,21], is involved in the FtsZ pathway,
but the nature of this is unclear. It is unlikely that GC1 is re-
cruited directly to the Z-ring since no physical interaction has
been detected between GC1 and AtFtsZ1-1 or AtFtsZ2-1 and
unlike the FtsZ proteins GC1 is seen to localize to the entire
inner chloroplast membrane [20,21]. GC1 shows structural
similarity to nucleotide-sugar epimerases although how this
protein is integrated into the stromal division machinery re-
mains unclear.The recent establishment of the division complex at the sep-
tum represents a large step forward in our understanding of
the mechanism of plastid division. However, ARC6 and
ARC3 are predicted to be required for the positioning and sta-
bilization/maintenance of the Z-ring structure and as such pro-
vide few clues as to the ultimate function of the Z-ring during
plastid division. At the protein level the FtsZ proteins are pre-
dicted to be GTPases and in some primitive bacteria this is be-
lieved to provide suﬃcient force for constriction during cell
division [47]. However, the plastid division mechanism has
evolved to require a cytosolic plastid division machinery on
the surface of the outer envelope membrane (see below), which
might provide the contractile force. It is therefore possible that
the role of AtFtsZ1-1 and AtFtsZ2-1 in plants is to act as a
scaﬀold for the recruitment of further division proteins to
the constriction site or to predetermine the site of PD ring
placement. The identiﬁcation of new Z-ring accessory proteins
will help shed light on the nature and magnitude of the role
played by the Z-ring in the assembly of the stromal division
machinery.
3. The cytosolic plastid division machinery
Through evolution plastids have retained elements of the
bacterial cell division machinery and the importance of the
stromal division machinery is well established. Perhaps more
surprising was the identiﬁcation of a cytosolic division machin-
ery on the outer envelope membrane. The ﬁrst evidence for the
existence of this unique machinery was the visualization of an
outer PD ring in unconstricted chloroplasts [29]. The outer PD
ring consists of a bundle of unidentiﬁed 5–7 nm ﬁlaments that
coil around the constriction site and remain associated with the
septum throughout the division process, thickening as the con-
striction tightens [48,49]. It is believed that the main compo-
nent of the outer PD ring is a 56 kDa protein, although this
is yet to be identiﬁed and the role of the outer PD ring remains
unknown [48].
Recently two novel components, plastid division 1 (PDV1)
and PDV2, of the cytosolic division machinery have been iden-
tiﬁed [27]. PDV1 localizes to the division site as a discontinu-
ous ring in unconstricted chloroplasts in cells of young
emerging leaves. PDV1 has one homologue in Arabidopsis,
named PDV2. PDV1 and PDV2 are unique to plants and moss
and harbour two short conserved regions at the N- and C-ter-
minal ends of the protein, a conserved C-terminal glycine and
a longer central conserved region that is predicted to harbour a
coiled-coil motif, suggesting that the proteins might oligomer-
ize. Detailed localization studies of PDV1 reveal that it is inte-
grated into the outer envelope membrane of chloroplasts, with
the N-terminal coiled coil domain facing into the cytosol and it
is predicted that PDV2 will be the same [27].
PDV1 was identiﬁed in a genetic screen for Arabidopsis mu-
tants with chloroplast division defects similar to arc5. pdv1,
pdv2 and arc5 mesophyll chloroplast are enlarged and show
frequent constrictions, suggesting they are arrested late in the
division process and that the three proteins have a functional
relationship [6,27]. ARC5 is a dynamin-like protein with an
N-terminal GTPase domain [26]. Dynamins are involved in a
range of roles including membrane-pinching events [50] and
it has been hypothesized that the energy released by GTP
hydrolysis would allow ARC5 to act as a mechanochemical en-
zyme in the ﬁnal stages of ﬁssion.
Fig. 1. Stromal and cytosolic plastid division machineries. As the ﬁrst
step of stromal division machinery assembly AtFtsZ1-1 (F1) and
AtFtsZ2-1 (F2) form a Z-ring at the centre of chloroplasts. ARC6 (6)
and ARC3 (3) are recruited to the Z-ring through speciﬁc interactions
with AtFtsZ2-1 and AtFtsZ1-1, respectively. AtCDT1 also interacts
with ARC6, although the localization of AtCDT1 is not known. The
placement of the Z-ring requires the combined action of AtMinE1,
AtMinD1 and possibly ARC3, which form a complex and can localize
to plastid poles. GC1 localizes to the stromal side of the inner envelope
membrane and forms dimers. PDV1 and PDV2 localize to ring-like
J. Maple, S.G. Møller / FEBS Letters 581 (2007) 2162–2167 2165Like PDV1 ARC5 localizes to a discontinuous ring at the
chloroplast division site on the cytosolic surface of the outer
envelope membrane [26]. ARC5 is not required for the locali-
zation of PDV1 and ARC5 was also found to be able to local-
ize to the division site in pdv1 or pdv2 chloroplasts. However,
in the pdv1pdv2 double mutant ARC5 was not recruited to the
division site and was only detected as a few cytosolic speckles
[27]. This led to a model whereby PDV1 and PDV2 localize in
patches to the division site before constriction begins and then
during constriction recruit ARC5 to the division machinery
from the cytosol. Furthermore, as the septum tightens both
PDV1 and ARC5 patches are seen to intensify at the division
site, resulting in a ring-like structure at late stages of division
[27].
ARC5 harbors a pleckstrin homology (PH) domain that can
interact with lipid bilayers. However, the interaction of PH do-
mains is thought to be too weak to alone be responsible for the
initial recruitment of dynamins from the cytosol to membranes
[51], suggesting that the ARC5 PH domain mediates the inter-
action after recruitment by PDV1 and PDV2. Whether PDV1
and PDV2 recruit ARC5 directly remains to be shown. During
yeast mitochondrial division, Fis1p, an integral membrane
protein, recruits the dynamin protein Dnm1p from the cytosol
to division site indirectly through an interaction with Mdv1p
and Caf4p [52], and it is possible that an analogous mechanism
operates during plastid division. Interestingly, in red algae the
orthologue of ARC5, CmDnm2, is also recruited from the
cytosol to the plastid division site [53], however this organism
lacks PDV1 and PDV2 homologues, suggesting the evolution
of a distinct recruitment mechanism.
A single nucleotide substitution in pdv1–2, converting the
conserved C-terminal glycine to an aspartate (G272D), leads
to outer chloroplast envelope membrane integration, however
the integration is non-speciﬁc leading to membrane-wide local-
ization [27]. Miyagishima et al. suggest that the PDV1 C-termi-
nal glycine is essential for PDV1 to receive or transmit spatial
information regarding the position of the chloroplast division
site. Further support for this hypothesis will require conforma-
tion of the topology of the 5 kDa C-terminal domain of
PDV1 as it is yet to be detected in the intermembrane space
[27], nevertheless, the prospect of communication between
the stromal and cytosolic division machineries across the two
chloroplast membranes is exciting.
The recent identiﬁcation of cytosolic components required
for plastid division provides a ﬁrm base for the continued anal-
ysis of this unique machinery. Important advances will require
an understanding of the timing of the assembly of the PDV1
and PDV2 rings with respect to the outer PD ring and the iden-
tiﬁcation of further components of the machinery. For exam-
ple Arabidopsis encodes 16 dynamin-like proteins [54], one of
which is closely related to ARC5 and may play a role in divi-
sion. Additionally, it is possible that the patches of ARC5,
PDV1 and PDV2 also represent membrane micro domains
with a speciﬁc lipid and protein composition that facilitate
membrane constriction and ﬁssion.structures on the cytosolic surface of the outer envelope membrane and
recruit ARC5 to the division site to constitute the cytosolic division
machinery. The inner and outer PD rings are not shown. Coordination
and signalling between the two division machineries may occur
through a direct interaction between known proteins (e.g. between
ARC6 and PDV1), may require as yet unidentiﬁed intermembrane
space proteins (·) or through the action of signalling components
(black spots).4. Coordination of the division machineries
The evolution of two distinct plastid division machineries,
located on the inner and outer envelope membrane of plastids,
suggests that novel mechanisms of signaling must have evolvedto coordinate these unique machineries. Studies in Cyanidios-
chyzon merolae reveal that the Z-ring forms 3–4 h before the
PD rings [49], indicating coordinated temporal assembly of
the division machineries before plastid division begins. Addi-
tionally, to operate eﬀectively the stromal and cytosolic divi-
sion machineries must be accurately placed at the septum on
opposite sides of the double-membraned chloroplast envelope.
It is possible that the stromal division machinery ‘‘marks’’
the site of constriction for the assembly of the cytosolic divi-
sion machinery and communicates this to the cytosolic division
machinery through a yet unknown mechanism. One possibility
is that there are linking proteins that reside in the intermem-
brane space or that span the chloroplast envelope membranes
transmitting spatial information. Support for the existence of
proteins linking the stromal and cytosolic division machineries
comes from recent studies in which membrane free plastid divi-
sion machineries containing both FtsZ and CmDnm2 from C.
merolae were identiﬁed [55]. Candidates for such linking pro-
teins in Arabidopsis could include ARC6 and PDV1, which
are both transmembrane proteins and extend into the inter-
membrane space. However, the absence of homologues of
ARC6 or PDV1 in C. merolae strongly suggests the existence
of as yet unidentiﬁed linking proteins. Interestingly a middle
PD ring has been identiﬁed in C. merolae and although this
is of unknown composition and function, it may provide a role
as a linking and/or signalling protein. It is also possible that a
novel signalling pathway has evolved to utilize chemical signals
(Fig. 1).
Signaling may also occur from the cytosolic division machin-
ery to the stroma. A protein such as ARC5 may be the target
of signals that regulate the process of plastid division in re-
sponse to intracellular and extracellular cues. Regulation of
the cytosolic division machinery, and transfer of this signal
2166 J. Maple, S.G. Møller / FEBS Letters 581 (2007) 2162–2167to the plastid stroma, may provide a mechanism whereby the
eukaryotic host has acquired control of the division of
plastids.5. Concluding remarks
Research over the past decade has established that chloro-
plast division is mediated not only by stromal components of
bacterial origin, but also by host-derived cytosolic factors that
assemble on the outer envelope membrane. Novel strategies
will now be required to identify the full complement of compo-
nents of both the cytosolic and stromal plastid division
machineries. Foremost in the search for these components
must be the identiﬁcation of the proteins that constitute the
PD rings so that the distribution and function of these struc-
tures can be addressed. Parallel to this, now that components
of both the cytosolic and stromal plastid division machineries
have been identiﬁed, studies aimed at dissecting the coordina-
tion of plastid division events across the two membranes can
begin. The identiﬁcation of coordination and regulation mech-
anisms of plastid division will represent an exciting advance in
the ﬁeld of plastid division and provide a unique model of how
a eukaryotic host has gained control of a vital process in the
acquired organelle.
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